Abstract Heterogeneity commonly observed in clinical tumors stems both from the genetic diversity as well as from the differential metabolic adaptation of multiple cancer types during their struggle to maintain uncontrolled proliferation and invasion in vivo. This study aims to identify a potential metabolic window of such adaptation in aggressive human breast cancer cell lines. With a multidisciplinary approach using high-resolution imaging, cell metabolism assays, proteomic profiling and animal models of human tumor xenografts and via clinically-relevant pharmacological approach for modulating mitochondrial complex I function in human breast cancer cell lines, we report a novel route to target metabolic plasticity in human breast cancer cells. By a systematic modulation of mitochondrial function and by mitigating metabolic switch phenotype in aggressive human breast cancer cells, we demonstrate that the resulting metabolic adaptation signatures can predictably decrease tumorigenic potential in vivo. Proteomic profiling of the metabolic adaptation in these cells further revealed novel protein-pathway interactograms highlighting the importance of antioxidant machinery in the observed metabolic adaptation. Improved metabolic adaptation potential in aggressive human breast cancer cells contribute to improving mitochondrial function and reducing metabolic switch phenotype-which may be vital for targeting primary tumor growth in vivo.
Introduction
Metabolic switch or aerobic glycolysis phenotype is currently understood as a common denominator in multiple breast cancer subtypes [1] [2] [3] [4] [5] [6] [7] [8] [9] . By definition, this phenotype implies glycolytic upregulation even in the presence of oxygen thereby causing a bioenergetic shift (''metabolic switch'') from mitochondrial to predominantly glycolytic pathway. Increased glycolytic activity has proliferative advantages (e.g., biosynthesis of nucleic acids, fatty acids etc.,) as well as pro-angiogenic effects (e.g., VEGF upregulation) [10] . It is not clear if mitochondrial dysfunction is a necessary condition for observing metabolic switch phenotype in transformed cells as proposed in Warburg's original hypothesis [9] . In an effort to obtain clarity on this question, we recently demonstrated that while metabolic switch phenotype can be induced by mitochondrial dysfunction, it is also possible to partially reverse this phenotype in situations where mitochondrial dysfunction is only moderate [11] . This earlier study led to the hypothesis that the connection between mitochondrial dysfunction and metabolic switch phenotype in cancer cells may not always be permanent as originally understood. In other words, cancer cells may exhibit a ''metabolic plasticity'' regime under certain conditions-which may further be amenable for targeting tumor control in vivo. In order to test this idea in a preclinical setting, we used pharmacological modulation of mitochondrial complex I function in a few candidate breast cancer cells. Mitochondrial complex I is the first committed step in the mitochondrial electron transport chain and is also the gate keeper between glycolytic/TCA substrate metabolism and mitochondrial electron transport cascade that ultimately determines cellular ATP generation [12] . The rationale for this approach is that by culturing the cancer cells under the long-term selection pressure of mitochondrial complex I modulation, cancer cells might display reprogrammed energy metabolism and plausibly, an altered cancer cell phenotype via adaptive metabolism. By generating representative, isogenic human breast cancer cells via mitochondrial complex I modulation, we studied the effects of long-term metabolic adaptation in these cells. The cells that showed a consistent increase in adaptation potential displayed a robust enhancement in mitochondrial function, a significant decrease in metabolic switch phenotype as well as profound reduction in cell proliferation in vitro as well as in tumor xenografts in vivo. A global proteomic profiling in these adaptive cells further indicated an intricate interplay between cancer-related pathways, cell cycle proteins and antioxidant pathways that collectively contributed to a reduction in tumorigenic potential in vivo. Together, our results point out to an attractive strategy for targeting the metabolic plasticity regime for tumor control in vivo.
Materials and methods
A complete summary of the methods can be found in supplemental data document.
Cell culture and metabolic characterization
The non-transformed MCF10A and the human breast cancer cell lines (MDA-MB-231, MDA-MB-468, and MDA-MB-453) were cultured and maintained as per the ATCC guidelines. In order to generate isogenic cancer cell lines with selective adaptation to mitochondrial complex I modulation, we cultured the two cancer cell lines, MDA231 and MDA453, in the presence of 100 nM of mitochondrial complex I inhibitor, rotenone continuously for 20 generations after which the rotenone selection pressure was removed. No observable toxicity was noticed during this procedure. The following notation will be used in this paper: (a) parental cells: 231-P and 453-P; (b) adaptive cells: 231-100R and 453-100R where P refers to parental and 100R refers to (100 nM rotenone) selection pressure. Glucose uptake, mitochondrial membrane potential status, hydrogen peroxide, and superoxide levels in live cells were measured by flow cytometry analysis in live cells, respectively, by labeling with 100 lM 2NBDG, 200 nM TMRM, 2.5 lM DCFDA, and 2.5 lM MitoSox Red. All the reagents were obtained from Life Technologies, Grand Island, NY, USA. Lactate measurements and mitochondrial respiration measurements were carried out as described earlier [11] . Superoxide Dismutase (SOD) activity assay: SOD activity assays were performed using SOD assay kit (ScienCell cat #8198, Carlsbad, CA) following manufacturer's instructions with volume scalingdown for 96-well plate. Mitochondrial complex I activity was measured as described earlier [11] . A modified Amplex red assay [catalog #A22188, Life Technologies (Invitrogen), Grand Island, NY, USA] was used to estimate catalase activity in breast cancer cells. Briefly this assay relies on the enzymatic activity of hydrogen peroxide/ peroxidase pair measured by the Amplex Red reagent (10-acetyl-3-7-dihydroxyphenoxazine). In the presence of peroxidase, the Amplex Red reagent reacts with H 2 O 2 in a 1:1 stoichiometry to produce the red-fluorescent oxidation product, resorufin (571 nm excitation; 585 nm emission). Protein estimation was carried out by either standard SDS-PAGE or blue-native PAGE protocols (supplemental section). High resolution immunofluorescence images were obtained in a Leica confocal microscope platform (fixed tissues and cells) or in a Leica two-photon excitation microscope platform (3D live cell cultures) as described elsewhere [11, 13, 14] . All the data presented in this paper are mean ± SE from at least three independent experiments unless otherwise mentioned. Statistical significance was estimated based on Student's t test (p \ 0.05).
Animal studies
Athymic mice (nu/nu, 8 weeks old, Charles River Laboratories, Wilmington, MA) were implanted subcutaneously with parental 231-P and adaptive 231-100R cells (1 9 10 6 cells per mouse) on each side of the flank in groups of five animals. After 7-8 weeks post-implantation, animals were sacrificed and final tumor sizes were measured using a caliber and weighed before tissue processing. Xenograft tumors were processed with formalin before being embedded in paraffin. Tissue sections were then processed by standard protocol either for hematoxylin and eosin staining or immunofluorescence staining [-monoclonal antibodies probing Ki67 or SOD2 or catalase] All animal experiments were performed in strict accordance with the Institutional Animal Care and Use Committee guidelines.
Mass spectrometry and proteomics
Mass spectrometry-based proteomics analysis was performed in the parental (231-P) and adaptive (231-100R) cells cultured as described earlier [15] . Stable isotope labeling by amino acids involved growing the cells for at least six doublings in arginine-and lysine-depleted DMEM medium supplemented with 10 % (v/v) dialyzed FBS (Invitrogen, Grand Island, NY), 100 U/ml penicillin and 100 lg/ml streptomycin, and L-arginine (Arg0) and L-lysine (Lys0) (Pierce, Rockford, IL) for 231-P cells or 13 C 6 15 N 4 -L-arginine (Arg10) and 13 C 6 15 N 2 -L-lysine (Lys8) (Cambridge Isotope Laboratories, Andover, MA) for 231-100R cells. Proteins extracted from SILAC-labeled 231-P (light isotope) and 231-100R (heavy isotope) cells were mixed in equal amounts. Protein digestion was performed using the filteraided sample preparation (FASP) method with slight modifications [16] . Tryptic peptides were collected and analyzed by an EASY-nLC1000 LC system connected to an LTQ Orbitrap Elite mass spectrometer (Thermo Scientific). For each fraction, 10 ll peptide solution was loaded onto a 2 cm Acclaim precolumn (75 lm inner diameter, PepMap C 18 , 3 lm particle size) connected to a 50 cm EASY-Spray column (75 lm inner diameter, PepMap C 18 , 3 lm particle size). MS data were acquired in a data-dependent strategy selecting the fragmentation events based on the precursor abundance in the survey scan (400-1400 Th). For protein identification and quantification, raw mass spectrometric data were analyzed with MaxQuant software (version 1.3.0.5) in combination with the Andromeda search engine [17, 18] . The parameters were set as follows. Oxidation (M), acetyl (protein N-term), deamidation (NQ), and gln-[ pyroglu were set as variable modification; carbamidomethyl (C) was set as fixed modification; Uniprot_Human database was used for database searching; all other parameters were default. False discovery rates for protein and peptide identifications were both set at 0.01. Differentially expressed proteins (DEPs) were identified using Persus (v1.4.0.0) (http://www.perseus-framework.org/). Firstly, a list of quantified proteins were generated by filter the ProteinGroups.txt file to remove (1) all proteins identified from the reverse sequence database and contaminating protein database, (2) all proteins identified based on one peptide, and (3) all proteins quantified based on one measurement. Subsequently, significance B, which is an outlier probability calculated on protein subgroups obtained by intensity binning for each protein was computed. Proteins with significance B \ 0.05 were accepted as DEPs. Network modeling was performed using Ingenuity Pathway Analysis (Ingenuity).
Results

Breast cancer cells display distinct metabolic status and sensitivity to mitochondrial complex I modulation
An initial screening of three representative human breast cancer cell lines for determining the basal mitochondrial status revealed a wide variation in oxidative phosphorylation (OxPhos) subunit composition (Fig. 1a) . Less aggressive MDA453 cells and non-transformed MCF10A cells showed a similar pattern while the metastatic MDA231 cells showed a significant reduction in the mitochondrial OxPhos subunit expression. Figure 1b shows significant reduction in oxygen consumption rate in both the breast cancer cell lines. To test the amenability of these cells to mitochondrial complex I modulation, mitochondrial complex I enzyme activity was measured in the presence of increasing concentrations of a known mitochondrial complex I inhibitor, rotenone (Fig. 1c) . MDA231 cells showed the highest sensitivity while MDA453 cells showed only a modest sensitivity to rotenone in comparison to that of nontransformed MCF10A cells. Another metastatic cell line, MDA468 cells displayed severe reduction in expression levels of the OxPhos subunits (Fig. 1a) as well as in oxygen consumption rate (data not shown). Since the main premise of this study was to evaluate the metabolic adaptation potential via mitochondrial reprogramming, MDA468 cell line was excluded from further studies. Supporting metabolic measurements addressing the effects of acute rotenone treatment on the three cell lines further confirmed that MDA231 cells demonstrated statistically significant changes in glucose uptake as well as free radical generation suggesting the viability of this pharmacological route to mitochondrial complex modulation (Fig. 1d ).
Long-term selection with rotenone elicits differential metabolic adaptation signatures in breast cancer cells
Having identified two breast cancer cell lines with distinct metabolic status as well as differential sensitivity to rotenone, we then set out to determine the long-term adaptation signatures in these cells that can impact their tumorigenic potential. Figure 2a shows a schematic for generating adaptive breast cancer cells. Briefly, this illustrates that upon long-term complex I modulation, the viable breast cancer cells may comprise insensitive (i.e., resistant to complex I modulation) population or sensitive population. In the former case, the tumorigenic potential of the parental breast cancer cells may not necessarily be altered. On the other hand, if the complex I modulation induces an adaptive response in breast cancer cells so as to enhance their mitochondrial function and to decrease their tumorigenic potential, then we will have in effect, targeted the The Mitoprofile OxPhos western blot cocktail contained a stoichiometric mixture of five mouse monoclonal antibodies specifically targeting the following subunits: complex I subunit NDUFB8 (20 kDa), complex II subunit (30 kDa), complex III subunit Core 2 (47 kDa), complex IV subunit II (24 kDa), and ATP synthase subunit alpha (55 kDa). Densitometric quantitation of band intensities was carried out for each band. Normalized ratio of each band intensity with reference to the loading control (actin band) is denoted below each band in the figure. b Oxygen consumption rates (OCR) measured in live cells using the Clark-type oxygen electrode. The data are the mean ± SE from five independent trials. Comparison of the OCR between the non-transformed MCF10A and the breast cancer cells showed statistical significance (p \ 0.01). c Summary of rotenonedependent mitochondrial complex I activity measured in whole cell lysates. Enzyme activities measured with different rotenone concentration were normalized to the basal activity (without the complex I inhibitor, rotenone) in each cell line. d and e FACS results (n = 3 trials) show the mean glucose uptake rates as well as mean free radical generation rates in normal and two breast cancer cell lines after acute treatment with 100 nM rotenone for 24 h. *p \ 0.05 ''metabolic plasticity'' regime that is distinctly different from the resistance phenotype. According to this scheme, the parental breast cancer cells (231-P and 453-P) were continuously cultured in the presence of complex I inhibitor (100 nM rotenone). After 20 generations in the presence of rotenone selection pressure, the adaptive breast cancer cells (231-100R and 453-100R) thus generated were subsequently cultured in normal culture conditions without rotenone. No global genetic differences were observed between the parental and the adaptive breast cancer cells (supplemental Fig. S1 ). The first striking result was that the adaptive 231-100R cells displayed a significant reduction (*40 %) in cell growth and cell cycle parameters in comparison to the parental 231-P cells (Fig. 2b, c) . Besides, there was a significant reduction in both lactate generation rate (metabolic switch phenotype measure) in 231-100R cells as compared with the parental 231-P cells (Fig. 2d) . In contrast, the adaptive 453-100R cells did not show any significant change in cell growth parameters or in mitochondrial enhancement-in comparison to the parental 453-P cells. Quantitative qPCR (mRNA) measurements revealed significant changes in mitochondrial complex I electron transport chain subunits in both 231-100R and 453-100R cells (Fig. 3a, b) . To further illustrate that the observed adaptive features in 231-100R cells are not transient, we compared the qPCR profiles of mitochondrial Fig. 2 a Schematic of mitochondrial adaptation route in breast cancer cells. The rationale for generating metabolically adapted breast cancer cells stems from the fact that the long-term modulation with mitochondrial complex I inhibitor (rotenone) could either render the cells non-viable (due to toxicity) or induce an adaptation route which eventually reprograms the metabolic phenotype in the parental breast cancer cells. More details can be found in the main text. b and c In accordance with the above picture, long-term adaptation to mitochondrial complex I inhibitor (100 nM rotenone) significantly altered the growth characteristics (p \ 0.02 for 231-P/231-100R cell pair whereas the cell growth rates were not significantly different for the 453-P/453-100R cell pair) and cell cycle parameters in aggressive breast cancer cell line (MDA-MB-231) whereas the non-tumorigenic MDA-MB-453 cells did not show any growth reduction. This is in agreement with the rotenone-sensitivity as shown in Fig. 1c . Furthermore, the adaptive 231-100R cells showed a significant reduction in lactate geeration (a measure of metabolic switch) as compared with the parental 231-P cells whereas the 453-100R cells showed an increase in lactate generation as compared with the parental 453-P cells (d)
complex I subunits in 231-100R cells-in the presence of rotenone selection pressure and about 20 generations after removing the rotenone selection pressure. As can be seen from Fig. 3a , the mitochondrial biogenesis profiles are almost identical in 231-100R cells with and without the selection pressure suggesting that the long-term metabolic adaptation to mitochondrial complex I modulation contributes to more permanent phenotypic changes both at the transcriptional and protein level (Fig. 3c, d ). This was further confirmed by gene expression array analysis.
(supplemental Fig. S2 ).
Figures 4a-c demonstrate significant enhancement in mitochondrial respiration and mitochondrial complex I activity and altered metabolic features (glucose uptake, hydrogen peroxide generation, and superoxide generation) that are representative of the whole cell population. More intriguingly the slow growing 231-100R cells had significantly lower levels of hydrogen peroxide generation but not the mitochondrial superoxide levels-suggesting non-transient, functional improvement in metabolic status in adaptive 231-100R cells. The observed reduction in cell growth was further confirmed in three-dimensional cell cultures grown in Mammocult medium which is a validation platform for anchorage-independent growth as well as stemness. The parental 231-P cells showed anchorage-independent 3D growths with sizes ranging from about 50-150 lm while the adaptive 231-100R cells did not grow 3D cell growths larger than *50 lm as confirmed by two-photon excitation fluorescence imaging (Fig. 5a-c ). 453-P and 453-100R cells did not show any significant difference in their 3D growth potential under the same conditions (data not shown). In tumor xenograft models, the adaptive 231-100R cells displayed consistently smaller tumor volumes as well as reduced tumor cell proliferation (Ki67 staining) than those with the parental 231-P cells as summarized in Fig. 5d -g. A similar animal injection protocol with 453-P and 453-100R cells did not yield observable tumor xenografts in accordance with the earlier reports of non-tumorigenic nature of these cell lines. Proteomic profiling of adaptive cancer cells renders novel pathways supporting the metabolic adaptation
In an attempt to understand the whole cell ramifications of the observed metabolic adaptation, we set out to determine the global proteomic signatures of adaptive metabolism in 231-100R cells that contributed to the tumor growth reduction. Mass spectrometry analysis of SILAC labeled 231-P (light) and 231-100R (heavy) cells (whole cell protein lysates as described in supplemental data) showed that about 390 proteins were significantly different between the two cell lines studied (Fig. 6a) . Table 1 lists a comprehensive list of canonical pathways that were significantly altered in the adaptive 231-100R cells. Out of multiple pathway interaction scenarios, we arrived at one plausible interactogram (Fig. 6b ) that encompasses three major pathways namely, (a) cell cycle/growth (b) redox/ ROS/antioxidants and (c) breast cancer specific proteomic profiles. The rationale for this starting point was that we observed significant phenotypic changes in terms of cell growth/cell cycle in adaptive 231-100R cells. Furthermore the adaptive 231-100R cells displayed reduced hydrogen peroxide levels (Fig. 4c ) that might be indicative of selective antioxidant machinery that might be more functional in these cells. An earlier proteomics study in the mitochondrial fractions of these two cell lines had shown a significant upregulation of antioxidant enzyme, catalase in the adaptive 231-100R cells (data not shown)-adding support to this reasoning. With this motivation, we compiled a short list of protein signatures that were statistically significant in the adaptive 231-100R cells as summarized in Fig. 6b . Since, within the scope of this study, it is impractical to validate all these potential protein signatures, we present our preliminary results validating one strong candidate marker namely, catalase.
Validation of a potential antioxidant pathway in the adaptive 231-100R cells
Recently we had reported that in cases of mild mitochondrial dysfunction, it was possible to reverse the metabolic switch phenotype by antioxidants (SODs) that target mitochondrial superoxide levels in transformed cells [11] . Since adaptive 231-100R cells showed increased mitochondrial function and decreased metabolic switch phenotype, we hypothesized that a similar antioxidant route might be operational in these cells. However we did not detect any significant differences in SOD activity between the parental and adaptive cancer cells. On the other hand, we did detect statistically significant changes in another antioxidant enzyme (catalase) that is responsible for scavenging hydrogen peroxide free radicals in mammalian cells (Fig. 7a-e) . These results were further confirmed by immunoblotting where mitochondrial catalase was significantly higher in 231-100R cells as compared to the parental 231-P cells (Fig. 7f) . Similar difference in catalase expression was observed in tissue slices obtained from the tumor xenografts generated by injecting 231-P and 231-100R cells (Fig. 8a-b) in accordance with the in vivo results in ''Metabolic adaptation-induced reduction in tumor cell proliferation is retained in tumor xenografts in vivo'' section. To test if the observed increase in catalase expression/activity has a role in mediating the adaptationinduced growth reduction in 231-100R cells, both the parental and modified cells were cultured in the presence of a known pharmacological inhibitor of catalase (3-aminotriazole, 3AT) [19, 20] . Inhibition of catalase in 231-100R cells indeed contributed to an increase in hydrogen peroxide generation as well as an increase in cell proliferation-comparable to the parental 231-P cells. These preclinical observations were further validated in clinical breast cancer specimens in an effort to determine the clinical significance of catalase expression related to tumor growth. Immunofluorescence imaging in tissue microarrays of human breast tissue samples (normal, hyperplasia, and invasive ductal carcinoma) showed a statistically significant loss of catalase expression in invasive breast carcinomas in comparison with the normal and non-invasive hyperplasia breast tissue specimens ( Fig. 9 and supplemental Figs. S4, S5). Together, these data point out to a critical role that antioxidant machinery might play in mediating the metabolic adaptation potential in breast cancer cells. 3AT was added every 24 h in the culture. Inhibition of catalase by 3AT showed a significant increase in cell proliferation rate in both 231-P and 231-100R cells. e Under similar conditions of 3AT treatment, hydrogen peroxide levels were also determined by live cell flow cytometry using a fluorogenic probe, DCFDA that is selective for hydrogen peroxide-induced fluorescence
Discussion
Despite the advances in our understanding of the genetic paradigm in carcinogenesis, cancer treatment regimens are still dominated by non-genetic, pharmacological approaches such as chemotherapy and hormone therapy [3, 5, 7, [21] [22] [23] [24] [25] [26] [27] . It will be valuable to have an additional layer of targeting tumor metabolism in order to make the cancers amenable to reduction in primary tumor reduction and/or to therapeutic intervention. In this context, we have demonstrated here a novel route to modulate the metabolic plasticity in human breast cancer cells via mitochondrial complex I function. In transformed cells showing strong metabolic switch phenotype, glycolytic intermediates have been shown to play a significant role in supporting biosynthetic routes in cancer cells [10] . It is therefore conceivable that the cancer cells, during their adaptation in host environment-could induce this metabolic switch from mitochondrial to predominantly glycolytic pathways in order to support their proliferative demands even before hypoxia state is reached. The present study supports our premise that breast tumors are heterogeneous not only in their genetic profiles but also in their metabolic adaptation characteristics. On one hand, cancer cells can adapt so as to increase their survival and to evade apoptosis-as in the case of developing chemoresistance. On the other hand, cancer cells can also adapt so as to downplay their tumorigenic potential. The data shown here add support to this novel metabolic ''window of opportunity'' for modulating tumorigenic potential in human breast cancer cells. We have demonstrated that aggressive human breast cancer cells can be systematically reprogrammed to yield adaptive isogenic cell populations with significantly enhanced mitochondrial function and a concomitant reduction in metabolic switch phenotype. In accordance with a recent report identifying mitochondrial complex I as critical for defining the aggressive phenotype in breast cancer cells via NADH/NAD ? balance [12] , our results further validate the central importance of mitochondrial complex I function in breast cancer adaptation in vivo. Proteomic profiling of the adaptive cells revealed multiple metabolic alterations such as serine/glycine metabolism, aryl hydrocarbon receptor signaling as well as glutathione-mediated redox/ROS metabolism. We believe that these metabolic alterations collectively determine the less tumorigenic phenotype in the adaptive cancer cells thereby illustrating a metabolic plasticity regime in these cells. The adaptive breast cancer cells further showed a global interplay at the Fig. 9 a-c Immunofluorescence images of a human breast cancer tissue microarray probed for catalase expression. Normal breast, hyperplasia, and invasive ductal carcinoma patient specimens showed a huge difference in the relative catalase expression levels as summarized in d proteomic level between classical cancer-related markers (e.g., TP53), antioxidant machinery (e.g., CAT, GPx), and cell cycle pathways. By identifying the distinct metabolic plasticity in windows in multiple cancer cell types, we envision a potentially unified metabolic metrics of cancer cell adaptation in vivo. This knowledge could offer valuable metabolic biomarkers in addition to the repertoire of currently known genetic markers. Validation studies of one of the candidate markers (catalase) identified in proteomics study, revealed that catalase was critical in mediating the reduction in cell proliferation in vitro and in vivo. It is plausible that mitochondrial complex I modulation and the concomitant adaptation of the cells do activate a common antioxidant machinery in the adaptive cells. Since catalase was earlier reported to influence tumorigenic potential in earlier preclinical studies [28] , our study further confirms that mitochondrial reprogramming can indeed elicit beneficial metabolic adaptation potential in human breast cancer cells. From the mechanistic point of view, it has been reported earlier that in hepatocellular carcinoma cells, reactive oxygen species may downregulate catalase expression through the methylation of catalase promoter [29] . We did not test this possibility in our studies but it is plausible that constitutively high reactive oxygen species levels might be the source of reduced catalase expression in the parental 231-P cells. Finally, the observation that catalase expression was significantly reduced in human tissue specimens of invasive ductal carcinoma as compared with the normal and hyperplastic breast tissues suggest that development of invasive cancers could be causally connected to their propensity to sustain metabolic switch phenotype and/or evade enhancement in mitochondrial function (supplemental Fig. S6) . A logical next step will be to develop non-toxic, small molecule probes for modulating mitochondrial complex I and/or antioxidant pathways in a translational setting.
